The structure and function of NAD(H)-glutamate dehydrogenase in plants was studied by using grapevine (Vitis vinifera L. cv Sultanina) callus grown under different nitrogen sources. The enzyme consists of two subunit-polypeptides, a and ,B, with similar antigenic properties but with different molecular mass and charge. The two polypeptides have molecular masses of 43.0 and 42.5 kilodaltons, respectively. The holoenzyme is hexameric and is resolved into seven isoenzymes by native gel electrophoresis. Two-dimensional native/SDS-PAGE revealed that the 1 and 7 isoenzymes are homohexamers and the isoenzymes 2 through 6 are hybrids of the two polypeptides following an ordered ratio. The total quantity of a-and ,B-polypeptides and the isoenzymic pattem was altered by the exogenous nitrogen source. The sample derived from callus grown on nitrate or glutamic acid contained a slightly greater amount of jB-polypeptide and of the more cathodal isoenzymes, whereas a-polypeptide and the more anodal isoenzymes predominated in callus grown in the presence of either ammonium or glutamine. The anabolic reaction was correlated with the a-and the catabolic reaction with the /i-polypeptide; this could suggest that each isoenzyme exhibits anabolic and catabolic function of different magnitude. The isoenzymic patterns did not obey the expected binomial distribution proportions.
NAD(H)-GDH isoenzymes from a perennial plant species, grapevine ( Vitis vinifera L.). The amination reaction was fully activated by about 100 /M Ca2", whereas the deamination reaction was not affected by the addition of Ca2". We (1 1) also raised rabbit antiserum against leaf NAD(H)-GDH isoenzyme 1. The antiserum recognized the seven isoenzymes and precipitated all the enzyme activity from leaf, shoot, and root tissues. Protein blot following SDS-PAGE revealed the same protein band for the three tissues, with a molecular mass of 42.5 kD, which was considered to correspond to the NAD(H)-GDH subunit.
In this paper, we present evidence from more detailed electrophoretic studies suggesting that the seven grapevine GDH isoenzymes consist of two polypeptides with similar antigenic properties but with different molecular mass and charge; they occur in an ordered ratio and NADH-GDH/ NAD-GDH activity is regulated by the differential quantitative participation of the two polypeptides in the seven isoenzymes.
MATERIALS AND METHODS Plant Material
GDH' (EC 1.4.1.2.) catalyzes the amination of a-ketoglutarate (synthetic reaction) and the deamination of glutamate (catabolic reaction). The magnitude of GDH contribution in ammonia assimilation in the plant cell is to date a subject of controversy, especially as Yamaya et al. (29) showed that the ammonia concentration in mitochondria is in the range of 5 to 10 mM, which is close to the Km values of GDH. Furthermore, Munoz-Blanco and Cardenas (16) , working with Chlamydomonas reinhardtii, have shown that under different trophic and stress conditions, the GDH aminating activity is adaptive and involved in the maintenance of intracellular levels of L-glutamate. Also, Loyola-Vargas et al. (13) have suggested that GDH is the key enzyme involved in ammonia assimilation in roots from nonstressed plants.
GDH is a mitochondrial enzyme (15) and has been purified to homogeneity from a few plant species (6, 18, 21) . Recently, we (10) purified to homogeneity the major of the seven 'Abbreviation: GDH, glutamate dehydrogenase. 104 Grapevine ( Vitis vinifera L. cv Sultanina) virus-free plants were grown in vitro and micropropagated by the one-node technique in Roubelakis medium (23) . Leaf, shoot, and root tissues were used for enzymatic studies. In addition, green leaf, shoot, and root segments of0.5 to 1.0 cm were positioned for callogenesis on a modified Murashige and Skoog medium (17) supplemented with plant growth regulators at 2/5 ,M 6- benzoaminopurine/a-naphthaleneacetic acid, respectively.
The effect of different nitrogen sources on the NAD(H)-GDH was investigated in an effort to reveal more information on the structure and the possible physiological role of the enzyme. Thus, calluses were grown for three generations of 4 weeks each on nitrate (20 mM)-containing medium as the sole nitrogen source and then transferred for 15 d to media containing different nitrogen sources, either inorganic KNO3 (20 mM) , NH4C1 (10 mM), or both (20 mM plus 10 mM, respectively) and organic, glutamic acid, or glutamine at 10 mM. and root tissues was suspended in 5 volumes (v/w) of ice-cold grinding medium consisting of 200 mM Tris-HCl, pH 8.0, 14 mM fl-mercaptoethanol, 10 mM L-cysteine-HCI, 0.5 mM PMSF, 0.5 g PVPP/g fresh weight, and 0.5% (v/v) Triton X-100. Callus powder was suspended in 2 volumes (v/w) of grinding medium consisting of 100 mM Tris-HCl, pH 8.0, 14 mM ,3-mercaptoethanol, 5 mM DTT, 10 uM leupeptin, 0.5 mM PMSF, 1 mM EDTA, 3 mM MgCl2, 0.5% (v/v) Triton X-100, and 0.2 g PVPP/g fresh weight. After homogenization in an Omnimixer homogenizer for four times, 12 s each, the samples were centrifuged at 25,000g for 20 min and the supernatants were used for enzyme assays, immunoprecipitation, and SDS-PAGE. For native and two-dimensional PAGE, the supernatants were precipitated with solid ammonium sulfate and the fraction of 35 to 70% saturation was dialyzed and used (10) . All steps were carried out at 4°C.
Activity Assays and Protein Determination
GDH activity was determined in the aminating and the deaminating direction by following the absorption change at 340 nm (10 (12) .
Purification of NADH-GDH lsoenzyme 1 and Preparation of Antibodies GDH isoenzyme 1 was purified to homogeneity from leaves of grapevine, and antibodies against this preparation were prepared as described previously (10, 11) .
Immunoprecipitation GDH was immunoprecipitated from the different samples as previously described (1 1 Laemmli (9) with different concentrations of acrylamide on 1.5 mm thick gels. Samples were treated at 100°C for 5 min with 3% (w/v) SDS and 5% (v/v) fl-mercaptoethanol and subjected to electrophoresis under constant current of 25 mA/slab gel. Silver staining of the proteins was performed as described by Wray et al. (28) . Twodimensional gel electrophoresis was run according to O'Farrell (19) except that isoelectric focusing gels contained 0.4% pH range 3.5 to 10, 0.8% pH range 5 to 7, and 0.8% pH range 7 to 9 Pharmalytes (Pharmacia).
To examine the polypeptide composition of each one of the isoenzymes, two-dimensional gel electrophoresis was performed using native 1.25 mm gels for the first dimension. Then, the gels were fixed in 40% (v/v) methanol and 10% (v/ v) acetic acid and slightly stained with Coomassie brilliant blue R-250 to visualize the proteins. The gels were rinsed two times, 1 h each with nanopure d-water. The stained lanes were cut out with a razor, equilibrated for 20 min in Laemmli buffer, and subjected to the second dimension in SDS slab gels containing 7.5% (w/v) acrylamide.
Protein Gel Blotting
After electrophoresis, the gels were equilibrated in transfer buffer (25 mm Tris, 192 mm glycine, 20% methanol, and 0.02% SDS) and the proteins were transferred to a nitrocellulose filter at 40 V overnight as described by Towbin et al. (27) . Nitrocellulose blots were blocked with 2% (w/v) BSA in PBS, washed, incubated with first and second antibodies, and developed by standard methods (7). Antibodies used were monospecific against GDH (1 1). Densitometric analysis was performed by using a densitometer Quantimet (Cambridge Instruments).
RESULTS

Effect of Nitrogen Source on GDH Specific Activities
Transfer of callus from nitrate containing medium to culture media containing ammonium, as a nitrogen source, resulted in a significant increase in NADH-GDH specific activity and a decrease in NAD-GDH specific activity (Table  I ). This shift in GDH activities was found in all calluses and was independent of the initial donor tissue, used for callus initiation, namely leaf, shoot, and root.
Moreover, an increase in NADH-GDH and a decrease in NAD-GDH specific activity was observed in callus that was developed in the presence of both nitrate plus ammonium or glutamine. On the other hand, glutamic acid, which is the substrate for the deaminating reaction, exhibited the same effect as the nitrate (Table I ). These differences in the specific activities of GDH were reflected on the ratio of aminating to deaminating enzyme activities (NADH-GDH/NAD-GDH) and were used to compare the effect of the nitrogen sources on GDH. As Table I shows, callus grown on nitrate or glutamate containing culture media had low NADH-GDH/ NAD-GDH activity ratios. In contrast, callus grown on ammonium containing medium displayed high ratio value, whereas callus grown on nitrate plus ammonium or glutamine showed ratio values in between. Callus samples grown on nitrate or ammonium containing medium with low and high NADH-GDH/NAD-GDH activity ratios, respectively, were analyzed by SDS-PAGE using different concentrations of polyacrylamide to examine whether any heterogeneity in the size of the enzyme subunits could be detected. Proteins were transferred on nitrocellulose sheets and GDH was immunodetected using antiserum against GDH isoenzyme 1 from grapevine leaves. In 14 and 10% acrylamide gels and in linear gradients of 10 to 18% acrylamide, only one GDH antigen was observed in the two samples. By using 7.5% acrylamide gels, GDH could be resolved into two bands with a small difference in mol wt. Based on their mobilities in the SDS gel, the 43.0 and 42.5 kD antigens were designated as being a-and f-polypeptides, respectively. The sample derived from callus grown on nitrate medium contained a slightly greater amount of f-polypeptide, whereas the a-polypeptide predominated in callus grown on ammonium medium. Based on these results, our remaining work was performed by using 7.5% acrylamide gels. Figure LA shows the polypeptides of NAD(H)-GDH from extracts of different tissues and from calluses, grown in the presence of either nitrate or ammonium. All samples contained the two GDH polypeptides, indicating that the enzyme has the same qualitative content in the tested tissues; however, the two polypeptides differed quantitatively in the various samples. In leaf, shoot, and root extracts, the fl-polypeptide was the predominant GDH antigen, with slightly greater quantities of the a-polypeptide in the root extract compared to leaf and shoot extracts. The presence of nitrate and ammonium in the culture media had the same effect on the GDH polypeptides of leaf, root, and shoot callus.
Next, we examined the composition of GDH polypeptides in response to different nitrogen sources. It should be men- (Fig. 2) . Again, two protein bands, with molecular masses of 43.0 and 42.5 kD, were found to react with anti-GDH serum. These bands corresponded to the a-and f-polypeptides of GDH, respectively, indicating that the polypeptides had different isoelectric points and, thus, different net charge. Moreover, in this electrophoretic system, the quantities of the polypeptides varied with the exogenous nitrogen source as in SDS-PAGE. Occasionally, in the 42.5 to 43.0 kD and in the 30 to 35 kD area, minor band(s) were detected to react with the anti-GDH serum (not shown). It is not known whether these polypeptides represent unique molecules with a physiological role or whether they are breakdown products. On the other hand, it was possible that these bands were due to unspecific interaction with anti-GDH serum.
GDH Isoenzymic Patterns in Different Nitrogen Sources and Polypeptide Composition of the Isoenzymes
GDH from grapevine root, shoot, and leaf tissues could be analyzed into seven anodal migrating isoenzymes by native gel electrophoresis (10) . The same seven band isoenzymic pattern was observed in samples from grapevine callus (Fig.  3) . In all nitrogen sources tested, the seven isoenzymes had the same migration profile but exhibited differences in the intensities of the bands. GDH from callus grown on nitrate or glutamic acid showed the same isoenzymic pattern, with slightly greater staining intensities in the cathodal isoenzymes. In contrast, on ammonium grown callus, the more anodal isoenzyme was predominant and only a small quantity of the other isoenzymes was detected (Fig. 3) (Fig. 1 B) . Furthermore, in order to verify the above findings, GDH from the same samples was immunoprecipitated with anti-GDH serum, the proteins were separated with SDS-PAGE, and silver stained (Fig. 1 C) . The intensities and composition of the polypeptides were comparable to those obtained by the protein blot (Fig. 1B, C) .
Immunodetection of GDH after being resolved by two- (Fig. 4) . The more anodal isoenzyme contained only a-polypeptide, whereas the more cathodal one contained only (3- (Fig. 4A-E) .
Relationship between GDH Activities and GDH Polypeptides in Different Nitrogen Sources and Polypeptide Composition of GDH Isoenzymes
A further relationship between in vitro NADH-and NAD-GDH activities and the relative intensities of the GDHpolypeptides as revealed by protein blot and silver stained electrophoresis was found. In Table II , a comparison was attempted between the percentage of NADH-GDH activity over the total GDH specific activity and the percentage of apolypeptide over the sum of the two polypeptides, as revealed by densitometric determination on protein blots and silver stained gels. In all treatments, a good correlation was found between in vitro activities and the polypeptide composition of the enzyme; NADH-GDH activity correlated with the apolypeptide and NAD-GDH activity with the 0-polypeptide.
Furthermore, a comparison between the densitometric data following protein blot and silver staining suggested that the prepared antibodies had the same affinity to both polypeptides.
In Table III , a quantitative analysis of samples from two different nitrogen treatments, nitrate and nitrate plus ammonium grown callus, is presented using densitometric data of the polypeptides a and (, which participated in each of the seven GDH-isoenzymes. The quantity of polypeptides in each treatment was in good agreement with the results obtained by SDS-PAGE and protein blot (Table II) . Comparison of oneand two-dimensional electrophoresis suggested that all the existing quantities of the two polypeptides participated in the holoenzyme.
Moreover, the polypeptide percentages for each one of the isoenzymes were calculated in order to reveal the polypeptide composition of the GDH isoenzymes (Table III) . From these values, the proposed model of a-and ,B-polypeptide participation in the seven isoenzymes was further proved; the isoenzymes 1 and 7 are homohexamers and the isoenzymes 2 through 6 are hybrids consisting of a-and 0-polypeptides at ratios of 1:5, 2:4, 3:3, 4:2, and 5:1, respectively. Similar results Tables   II, III) , the expected proportions ofthe seven isoenzymes from the binomial distribution could be calculated (Table IV) . The observed total GDH protein of each isoenzyme, as a sum of the polypeptides a and A, was not in accordance with the expected proportions (Table IV) ; thus, it could be suggested that the two polypeptides were not randomly associated in the structure of the seven isoenzymes.
DISCUSSION
The structure of GDH from animal and fungal systems has been extensively studied. In vertebrate liver and Neurospora crassa, the NAD-GDH consists of six and four identical subunits with molecular mass of 56 and 116 kD, respectively. With plant GDH, there is a general agreement that it is a metalloprotein with a molecular weight ranging from 208,000 to 270,000 (25) ; however, there is a discrepancy in the literature regarding the number and the characteristics of the subunits. For example, as six electrophoretical bands appeared after cross-linking, the enzyme was suggested to be a hexamer (8) arbitrarily associated in a hexameric complex giving rise to seven isoenzymes (1, 2, 20) . Previous reports from our laboratory have shown that GDH from leaf, root, and shoot tissues of V. vinifera L. consist of seven isoenzymes. The molecular mass of the native enzyme was 252 kD and consisted of42.5 kD subunits (10) . Moreover, following purification of the major GDH isoenzyme (which showed the lowest electrophoretic mobility) and antibody preparation, immunological studies revealed that GDHs from various plant organs were closely related proteins and confirmed that the enzyme was a hexamer consisting of 42.5 kD subunits, as revealed by SDS-PAGE with 10% or 10 to 18% gradient gels (11) . However, when electrophoresis was performed in 7.5% polyacrylamide gels (this work), it was clear that GDH was composed of two polypeptides with small but distinct differences in both the mol wt and the charge (Figs. (Table I) . Studies of the isoenzymic patterns ofGDH revealed that, in the presence of ammonium or glutamine in the culture medium, isoenzyme 7 predominated, whereas isoenzyme 1 was almost absent; in the presence of only nitrates or glutamic acid, all the isoenzymes were present, with a slight predominance of the cathodal isoenzymes (Fig. 3) . This effect of ammonium on isoenzymic pattern reflected an increase in polypeptide a as revealed by SDS-PAGE and two-dimensional electrophoresis (Figs. 1 and 4, respectively) . Moreover, comparison of GDH activities and the polypeptide content showed a correlation of the catabolic reaction with the /3-polypeptide and of the synthetic reaction with the a-polypeptide (Table II ), indicating that isoenzyme 1 has more catabolic function, whereas isoenzyme 7 has more anabolic function toward amination of aketoglutaric acid; the isoenzymes 2 through 6 exhibited activities that correlated to their a-and /3-polypeptide composition. Further work using in vivo labeling of proteins has shown that the increase in the intensity of the more anodal isoenzymes in the presence ofammonium was due to de novo synthesis of the a-polypeptide (our manuscript in preparation). Therefore, we suggest that ammonium does not cause activation of GDH, as has been proposed (26) , but that it induces expression of polypeptide a, and therefore the regulation of GDH is exerted by differential expression of the respective isoenzymes.
In conclusion, data presented in this report give some answer to hypotheses, which have appeared in the literature, on the possible structure of plant NAD(H)-GDH by showing its two subunit-polypeptides ordered participation to the hexameric structure of the enzyme with varying coenzyme specificity for each isoenzyme. 
